Spinach chloroplasts were found to contain three forms of cytochrome b559 that have the same a-peak at 559 nm, but are distinguished from one another by their oxidation-reduction potentials. It is now widely held that the main feat of photosynthesis, the conversion of light energy into chemical energy, is accomplished by a light-induced, thermodynamically "uphill," electron flow (1, 2) to which are coupled reactions that trap chemical energy in such biochemically useful forms as ATP. The light-induced electron flow concept, as applied to both cyclic and noncyclic photophosphorylation in chloroplasts, has nowv been further refined (3, 4) to accommodate new findings about the properties of cytochromes and the nature of other electron carriers in the photosynthetic apparatus (5-8).
It is now widely held that the main feat of photosynthesis, the conversion of light energy into chemical energy, is accomplished by a light-induced, thermodynamically "uphill," electron flow (1, 2) to which are coupled reactions that trap chemical energy in such biochemically useful forms as ATP. The light-induced electron flow concept, as applied to both cyclic and noncyclic photophosphorylation in chloroplasts, has nowv been further refined (3, 4) to accommodate new findings about the properties of cytochromes and the nature of other electron carriers in the photosynthetic apparatus (5) (6) (7) (8) .
With regard to chloroplast cytochromes, special interest has recently been focused on cytochrome b559 (see earlier literature cited in ref. 5 ). Knaff and Arnon (5) observed that cytochrome b559 is photooxidized by short-wavelength (System II) monochromatic light at the temperature of liquid nitrogen, i.e., a temperature low enough to minimize, and perhaps exclude, thermochemical reactions but one that would not impede the primary photon-activated electron transfer step. The lowtemperature photo-oxidation of cytochrome b559 was confirmed by Erixon and Butler (9, 10) , Floyd, Chance, and DeVault (11), Boardman, Anderson, and Hiller (12) , and Bendall and Sofrova (13) . Moreover, some earlier reports (14) (15) (16) that cytochrome f undergoes photo-oxidation at the temperature of liquid nitrogen proved, on recent reexamination (11) (12) (13) , to have been due to the photo-oxidation of cytochrome b559.
Despite the present wide agreement about the capacity of cytochrome b559 to undergo low-temperature photo-oxidation, there is a considerable divergence of views (3, 4, 10, 12, 13) concerning its role in the light-induced noncyclic electron flow in chloroplasts. An essential condition for assessment of its role as an electron carrier is a knowledge of its oxidation-reduction potential, but here the literature includes contradictory reports. Knaff and Arnon (3, 8) obtained a midpoint oxidationreduction potential of 330 mV (at pH 8.2)-a value similar to those reported by Bendall (17) , Ikegami, Katoh, and Takamiya (18) , and Boardman et al. (12) . By contrast, Fan and Cramer (19) reported for cytochrome b559 in spinach chloroplasts a midpoint potential of 80 mV (pH 7.0), and Hind and Nakatani (20) reported 55 mV (pH 7) for this cytochrome in subchloroplast fragments prepared from spinach chloroplasts by incubation with Triton X-100.
More recently, Cramer et al. (21) concluded that cytochrome b559 in chloroplasts exists in two forms, one (reducible by hydroquinone) with a high, and one (reducible by ascorbate) with a low, oxidation-reduction potential, the two forms being interconvertible. Earlier, Bendall (17) mentioned that chloroplasts contain a second b-type cytochrome with an aband at 559 nm that is not reducible by ascorbate, but is reducible by dithionite.
The present investigation shows that each of these reports describes only in part the oxidation-reduction potentials of cytochrome b559. Spinach chloroplasts contain three forms of cytochrome b559, which will be designated here as the highpotential (H), middle-potential (M), and low-potential (L) forms. In freshly prepared chloroplasts, the predominant form was found to be the H form (Em about 330-350 mV) reducible by hydroquinone. Aging and other treatments converted the H form to the M form, reducible by ascorbate but not by hydroquinone (Em about 50-80 mV). Finally, all chloroplast preparations also contained the L form of cytochrome 5559, reducible by dithionite but not by ascorbate (Em < 0).
The H form was convertible into the M form, and both H and M forms were convertible into the L form, but not vice versa. When the H form of cytochrome b559 was converted into the M form, the sum of the H and M forms remained approximately constant; such conversion was paralleled by a loss of System II activity of chloroplasts, as measured by the photoreduction of NADP or 2,6-dichlorophenol indophenol (DPIP) by water or by substitute System II electron donors (22) . System I activity, as measured by the photoreduction of NADP by dihydrodichlorophenol indophenol was not affected.
METHODS
Whole chloroplasts were prepared in 0.35 M NaCl containing 0.02 M Tris * HCl buffer (pH 7.8) by rapid blending of spinach leaves (23) . Broken chloroplasts were obtained by placing whole chloroplasts in a hypotonic 0.035 M NaCl solution containing 0.02 M Tris-HC1 buffer (pH 7.8). Bleached chloroplasts were prepared by extraction of broken green chloroplasts with 80% acetone (40 ml of 80% acetone was used per mg of chlorophyll). The bleached chIoroplasts were centri-
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Abbreviations: H, M, and L are the high-, middle-, and lowpotential forms of cytochome b559, respectively. fuged at 35,000 X g for 10 min and resuspended in a dilute buffered NaCl solution (as above) to give a concentration equivalent to that of green chloroplasts containing 0.1 mg of chlorophyll per ml.
Chlorophyll was determined as described by Arnon (24) . Photoreduction of NADP and dichlorophenol indophenol was measured under air at room temperature with a Gilford spectrophotometer, as described by McSwain and Arnon (25) with the use of 650-nm monochromatic illumination of 2.0 X 105 ergs/cm2 per sec.
Chloroplast cytochromes were measured in a Cary model 14 recording spectrophotometer (equipped with a scattered transmission accessory and an RCA no. 6217 phototube). The three forms of cytochrome b.%9 were determined by their respective difference, reduced minus oxidized, spectra. The general plan was to oxidize completely all the chloroplast cytochromes, the three forms of cytochrome b559, as well as cytochromes f and b6 (see refs. 5 and 6), with an excess of ferricyanide and then to reduce selectively particular cytochromes with reductants of different reducing power.
High-Potential Cytochrome b559 (H Form). Two difference spectra were used to determine the H form. As already mentioned, the H form is reduced by hydroquinone. However, since hydroquinone also reduces cytochrome f, it is necessary to subtract from the total hydroquinone minus ferricyanide spectrum the (reduced minus oxidized) spectrum due to cytochromef. This cytochromef spectrum was obtained separately on a comparable chloroplast preparation that was extracted with 80% acetone, oxidized with excess ferricyanide, and then reduced with excess ascorbate. The acetone treatment causes a disappearance of the H and M forms of cytochrome b559 and gives an ascorbate minus ferricyanide spectrum due solely to cytochromef (26, 27) .
Middle-Potential Cytochrome b559 (M Form). Two difference spectra were also used to determine the M form. Ascorbate reduces both the M and the H forms, but hydroquinone reduces only the H form. Thus, to obtain the spectrum of the M form, the hydroquinone minus ferricyanide spectrum was subtracted from the ascorbate minus ferricyanide spectrum. An alternative method to obtain the spectrum of the M form was by a difference spectrum, ascorbate minus hydroquinone.
Low-Potential Cytochrome b559 (L form). The chloroplast suspension was reduced with excess ascorbate and divided into both sample and reference cuvettes. After about 3 min, the chloroplasts in the sample cuvette were aerobically titrated with a small amount of a sodium dithionite solution, which was prepared under anaerobic conditions. The dilution resulting from the titration was compensated for in the reference cuvette by the addition of buffer solution. The L form was estimated from the dithionite minus ascorbate difference spectrum obtained just before the peak of the difference spectrum shifted to the longer wavelength characteristic of cytochrome b6. Dithionite reduces both the L form of cytochrome b559 and cytochrome b6 at different rates (see Results).
RESULTS
Shift of high-potential (H) to middle-potential (M) form of cytochrome b559 As shown in Fig. 1 , in freshly prepared chloroplasts the spectrum of the H form of cytochrome b559 (HQ-FeCy) was very similar to the spectrum of the combined H and M forms (Asc- FeCy)-an indication that most of the cytochrome b559 was present in the H form. A distinct change, however, occurred after the chloroplasts were stored at 0C for 3 days. The spectrum of the H form now showed a greatly diminished absorbance and a shift of the absorption peak from 557 to 555 nm. Both these changes pointed to the disappearance of most of the H form of cytochrome b559 in aged chloroplasts. The (HQ-FeCy) absorption spectrum was now almost entirely due to cytochromef.
By contrast, the sum of the H and M forms of cytochrome b559 (Fig. 1 The first addition of dithionite to chloroplasts, reduced beforehand with an excess of ascorbate, produced no change in the (dithionite minus ascorbate) difference spectrum, probably because the added dithionite was consumed by the oxygen contained in the (aerobic) chloropiast suspension (Fig. 2,  curve 1 ). With further additions of dithionite, there appeared first an absorption peak at 559 nm (curve 2), which gradually shifted to a longer wavelength (563 nm) with an increase in total absorbance (Fig. 2, curves 3, 4, and 5 ). The increase in total absorbance and the shift in the absorption peak suggested that the added dithionite, after it first reduced cytochrome b559, began to reduce cytochrome b6, which has an aabsorption peak at 563 nm (28) .
After most of cytochrome b6 was reduced, both the sample and the reference cuvettes were gently shaken in air. As shown in Fig. 2 (curves 6-8) , the total absorbance decreased gradually and the absorption peak shifted back to the shorter wavelength (559 nm). With further aeration, the peak at 559 nm also disappeared (curve 9). These results suggested that two different chloroplast cytochromes, one with an absorption peak at 559 nm (L form of cytochrome b559) and another with an absorption peak at 563 nm (b6), were being reduced by dithionite and reoxidized in air. The L form of cytochrome b559 was more readily reduced by dithionite and more slowly reoxidized in air than cytochrome b6. to the sample cuvette were made for curves 2-5. These additions were compensated for by the addition of buffer to the reference cuvette. For curves 6-9, both cuvettes were aerated by gentle shaking. Other experimental details are described in Fig. 1 .
Confirmation for the involvement of these two cytochrome components in the dithionite titration was sought by plotting the ratio of absorbance at 558 nm to that at 564 nm (A558/ Aw4) as a function of absorbance at 564 nm (Fig. 3) . If only one cytochrome component were involved in the (dithionite minus ascorbate) difference spectrum, the plot of A5m/A,%4 versus Aw4 should give points falling on a straight horizontal line. Fig. 3 shows that this was not the case. The plot obtained is consistent with the conclusion that dithionite titration involved a reduction of both cytochrome b6 and the L form of cytochrome b559.
Unlike the H form, cytochrome b6 and the L form of cytochrome b559 were not diminished by the aging of chloroplasts. In aged chloroplasts, stored for several days at 0°C, the (dithio- A plot of the ratio A5,m/A564 as a function of absorbance at 564 nm. The data were taken from the experiments described in Fig. 2 (29, 30) . The correlation between the decrease in NADP reduction and the shift from the H to the M form as affected by aging and sonication is shown in Fig. 5 . The photochemical activity was measured at a pH optimal for each treatment: pH 8.2 for the control chloroplasts and pH 6.2 for the sonicated chloroplasts (31) . In the control chloroplasts, the shift from the H to the M form occurred slowly over a period of 24 hr, at the end of which about half of the H form initially present has shifted to the M form. The rate of NADP reduction has simultaneously decreased almost in the same proportion. In the sonicated chloroplasts, practically all of the H form remained unchanged immediately after an extended (3-min) sonication. However, after sonication the shift of the H to the M form was greatly accelerated with time. At the end of 24 hr only about a quarter of the intial H form remained, the rest having shifted to the M form. Again, the rate of NADP photoreduction declined in proportion to the decrease in the H form. (II) In all measurements of photochemical activity, the reaction mixtures contained (per 1.0 ml) chloroplasts (equivalent to 50 ,ug of chlorophyll) and the following in smoles: Tricine buffer (pH 8.2) 100; MgCl2, 2; ADP, 5; and K2HPO4, 5. Where 1,5-diphenylcarbazide is included, 0.5 ,umol was added; where NADP is included, 2 ,mol was added together with ferredoxin, 0.01 /Amol. In the dihydrodichlorophenolindophenol (DPIPH2) NADP treatment, sodium ascorbate, 10 ,umol; 2,6-dichlorophenol indophenol (DPIP), 0.1 ,umol; and 3-(3',4'-dichlorophenyl) 1,1-dimethyl urea (DCMU)(at a final concentration of 1 ,uM) were added. Where DPIP served as acceptor, 0.2 ,umol was added.
Shifts in cytochrome b559 and photochemical activity of chloroplasts: effect of mild heating Amore extensive investigation of the correlation between shifts in the different forms of cytochrome b559 and photochemical activity of chloroplasts is shown in Table 1 . Here the shifts were accelerated by mild heating of the chloroplasts. Heating at 450C and below produced small shifts from H form to the M form, with the L form remaining constant. More drastic shifts were produced by heating at 55°C: a decrease in the H form was accompanied by an increase in the L form.
Turning to the photochemical activity of chloroplasts, we again observed a strong correlation between the decrease in Fig. 1 (32) , capable of replacing water, was present. By contrast, System I activity, as measured by the photoreduction of NADP by dihydrodichlorophenol indophenol (in the presence of dichloromethyl diphenylurea (DCMU), an inhibitor of System II), was increased by heating the chloroplasts at 55°C-the treatment that gave the most drastic shifts in cytochrome b559.
DISCUSSION
The results of this investigation indicate that cytochrome bu9 exists in spinach chloroplasts in three forms, which have the same a-peak at 559 nm but are distinguished from one another by their oxidation-reduction potentials. The high-potential (H) form (Em about 330-350 mV) is reducible by hydroquinone, the middle-potential (M) form (Em about 50-80 mV) is reducible by ascorbate but not by hydroquinone, and the low-potential (L) form is reducible by dithionite but not by ascorbate. The H form was the predominant one in freshly prepared chloroplasts. Chloroplast treatments such as aging, sonication, mild heating, incubation in concentrated Tris buffer or Triton X-100, singly or in combination, brought about a shift of the H to the M form (Fig. 6, reaction 1) . More drastic heating gave rise to reactions 1 and 2, whereas removal of chlorophyll by acetone extraction was followed by a large shift to the L form via reactions 1 and 2 and possibly also 3 (Fig. 6) .
The shift from a higher-to a lower-potential form appears to be irreversible and unaffected by concurrent photophosphorylation or addition of exogenous ATP. The physiological (4) , that the photoreduction of NADP by water proceeds by a pathway that is quite different from that involved in the photoreduction of NADP by an artificial electron donor (dihydrodichlorophenol indophenol) via System I.
Although the function of the M and L forms remains unclear, the results of this investigation permit us to assess several recent proposals about the role of cytochrome b559 in plant photosynthesis. The predominance of the H form in freshly prepared chloroplasts and its association with System II activity, argue against the proposal (19, 21) that the "low potential" (or M form in our terminology) of cytochrome bss9 is convertible to the H form, and that the M form plays the important role in the photochemical activity of chloroplasts. Furthermore, the emergence of the H form (Em about 330 mV) as the physiologically important form of cytochrome b559 argues against the proposal (33), diagrammed below, that the potential span between this cytochrome and cytochrome f (Em about 350 mV) accommodates a phosphorylation site.
,_p System II -*1 cyt bss cyt f -> System I Bendall and Sofrova (13) have recently proposed that cytochrome b559 (H form) may act as the oxidant in the photo-oxidation of water (Em = 815 mV, at pH 7). This seems unlikely on thermodynamic grounds.
The data presented here are consistent with the new scheme in which cytochrome b655 mediates an electron transfer between Component 550 (C550) and plastocyanin (PC), components of an electron transport chain that links two shortwavelength photoreactions of System II (3, 4, 6, 8) . H20 --hvIb C550 -cyt b559 PC hviia Fd NADP The place assigned to cytochrome b559 in that electron transport chain now rests not on evidence for low-temperature photo-oxidation of b559 (5) , which may be an artifact (10) , but on experiments at physiological temperatures that showed (i) that electron transfer between C550 and cytochrome b559 is inhibited by dichlorophenyl dimethylurea (8) and (ii) that plastocyanin is required for the oxidation of cytochrome b559, but not for its reduction (3, 4, 7, 8) .
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